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HEATING OF A HYDROGEN PLASMA BY A R,F. C 

By Clyde C. Swett p96& _--- 

P I" i n  t h e  presence 
of an axial magnetic f i e l d  a re  analyzed using an e l e c t r i c  c i r c u i t  model based 
on t h e  geometric character  of t h e  apparatus, This model ind ica tes  t h a t  t he  
presence of plasma adds a p810ssy" capacitor in p a r a l l e l  with t h e  r,f, coi l .  
Consequently power goes i n t o  the  plasma both inductively (Eg) and electro-  
s t a t i c a l l y  (Era Ez), It is  believed that the  la t ter  mode 01 power t r a n s f e r  
is responsible fo r  anomalies noted, 
calculated and shown t o  vary with magnetic f i e l d ,  The inductive power t rans-  
f e r  increased a t  magnetic-field values near t h e  atomic and molecular ion 
cyclotron f i e l d s ,  whereas %he e l ec t ros t a t i c  power decreased o r  increased 
depending upon which parameter -- power or c o i l  voltage -- was held constant, 
M a x i m u m  t o t a l  power t r ans fe r  a l so  occurred near  t he  atomic and molecular ion  
cyclotron f i e l d s ,  
points  appeared t o  be r e l a t ed  t o  the  induction mode only, Some deficiencies  
of t h i s  over-simplified model are notedo 

The amount of power in each mode was 

The electron-density decrease noted near t h e  resonant 
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One of t h e  problems which ex is tp  i n  the  plasma physics f i e l d  i s  t h a t  of 
t 

s e t t i n g  up i n  t h e  laboratory experimental conditions which are identfcan t o  
those assumed i n  theo re t i ca l  work, For example, considerable theo re t i ca l  
work has been done fn t h e  f i e l d  of rof. coil-generated plasma waves, yet many 
discrepancies are noted when these waves are investigated experimentally, 
Such discrepancies a s  wave lengths d i f fe ren t  from calculated values, s h i f t s  
i . ~  resonant frequency toward Tow magnetiz f i e l d s  ra ther  than toward high mag- 
n e t i c  f i e l d s ,  amplitudes of t he  component p a t s  of the  wave d i f f e ren t  from 
calculated values, and non-appearance of resonances when such should be obtained 
have been noted, Tnese are undoubtedly due t o  def ic iencies  i n  t h e  experfmental 
setupo 

As p a d  of our overa l l  refo plasma heating p-ogmm we have been attempting 
t o  study a t  least one expe rhen ta l  €actor which may be p a r t i a l l y  responsible 
for the d i f f i c u l t i e s ,  This f ac to r  i s  t h e  r e f o  coil i tself .  Such c o i l  not only 
generates azimuthal e l e c t r i c  f i e l d s ,  but a lso r a d i a l  and axial f i e l d s  under t h e  
coil. and eveng under ce r t a in  conditions, causes axial e l e c t r i c  f i e l d s  t o  exist 
in t h e  plasma not  d i r e c t l y  under the  co i l ,  Hence, t he  c o i l  i s  not  qu i te  t h e  
simple source of refo power t h a t  one would prefer ,  
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Extensive experimental data  have been obtained i n  our refo apparatus, An 
analysis  of these data  using an equivalent e l e c t r i c  c i r c u i t  f o r  t h e  c o i l  w i l l  
help determine how much power i s  being t ransferred t o  the  plasma by the  induc- 
t i o n  (azimuthal heating) mode and by t h e  e l ec t ros t a t i c  ( r ad ia l  and axial. 
heating) mode, This invest igat ion is  not  complete; however, t h e  r e s u l t s  
obtained t o  date  are qui%e informative and are being presented f o r  t h i s  reasono 
A l l  of t he  da ta  have been obtained using hydrogen gas a t  2 microns pressuree 

EXPERMENTAL CONFIGURATION 

The first s l i d e  (I) shows the  experimental configuration being usedo 
Only the  l e f t  half  of t h e  apparatus i s  shown; t h e  r igh t  half  i s  i d e n t i c a l  
except f o r  elimination of  t h e  ion  source, The apparatus i s  located i n  a 
mirror-type magnetic f i e ld ,  
used as t h e  ion source which generates a plasma column as shown, The plasma 
c o l m  diameter i s  smaller a t  t he  mirror, A four-section, four-turn-per- 
sect ion c o i l  of t h e  Stix-type i s  connected t o  an rofo source operated a t  605 
megacycles, Underneath t h e  c o i l  and inside of t he  glass  tube i s  an aluminum 
shield which i s  s lo t t ed  axia12y and which i s  e l e c t r i c a l l y  i so la ted  from 
ground, Lack of t h e  prevents discussing the  reasons f o r  t h i s  shield,  but I 
w i l l  say t h a t  only minor operating differences are noted when it is  removedo 

A PhiPips Ionization Gauge (P.I.G. ) discharge is 

A t  t h e  bottom of t h e  f igure  the  coil has been yepresented as  an inductance 
E in &pies with t h e  a,c, resis tance Re cf t h e  coil, When plasma i s  present 
there  is  an addft ional  res i s tance  which represents the  addi t iohal  induction 
heating load due t o  the  plasma, t h e  greater t h e  load the  l a rge r  t h e  value of $. 
The sh ie ld  i s  located such t h a t  there  can be capacit ive coupling between the 
high voltage of t he  c c i l  and the  shield.  
Since t h e  coupling r e s u l t s  in a voltage on the  shield,  there  i s  a r a d i a l  elec- 
t.ric f i e l d  between t h e  sh ie ld  and the plasma column and an axial e l e c t r i c  f i e l d  
between t h e  sh ie ld  and ground s o  t h a t  currents  can flow from t h e  c o i l  t o  t he  
sh ie ld  and t o  ground through the plasma. The resis tance path of  t h i s  current  
has been designated R l ,  These i s  a l so  an addi t ional  capacitance Cl due t o  
%he combined capacitances sf' the  sh ie ld  t o  ground and t h e  sh ie ld  t o  the  plasma, 
The ne t  r e s u l t  of t h i s  brawn consisting of e, R l ,  and C1 is  t h e  existence 
aE a oolossypp capaci tor  i n  p a r a l l e l  d t h  t h e  coilo 

Rp 

This coupling i s  represented by C, 

For t h e  prssent  analysis che capacitance Cg has been assumed t o  be zero, 
although work i s  cur ren t ly  mderway t o  include Gp i n  t h e  analysis,  Therefore, 
t h e  c i r c u i t  t o  be discussed i s  the four-element c i r c u i t  consis t ing of 
L, and R where Rp and have been lumped i n t o  €2, 

C, R l ,  

C I R C U I T  ANALYSIS 

This c i r c u f t  i s  analyzed using the  experimenkally determined parameters 
of r.f. power P, peak c o i l  voltage E, current  I, peak sh ie ld  voltage. E,, 
inductance L, and c o i l  res is tance R,. Using these measured parameters C, 
Rp, and R can be calculated. The capacitance C should be constant (over a 
reasonable range of conditions) and t h i s  constancy can be used t o  strengthen 
oneus be l i e f  i n  t h e  analysis.  Once C, R19 and R are determined t h e  power 
in Rls Rp, and R, can be calculated,  
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The method of analysis  i s  s i a r i z e d  i n  the  next s l i de  (II), 
c i r c u i t  has an equivalent c i r c u i t  which consis ts  of an inductance 
r e s i s t a n c e q e  
bottom, 
the  power i n  the  ac tua l  c i r c u i t  is the  sum of the  powers ~I-I 

t h a t  t he  inductive reactance in t h e  equivalent c i r c u i t  i s  E , and t h a t  

t he  power in t h e  equivalent c i r c u i t  i s  The basic assumptions are 
t h a t  L is constant, (wL)* >> R* and (W$)2>> e*, The f ac to r s  \rT and 2 

subs t i tu t ions  are four th  order and were solved on the  I N  7090 computing machine. 

The ac tua l  
and 

r e l a t ed  t o  the  four  c i r c u i t  elements by the  equations a t  t h e  
These simply show t h a t  

Rg and R, 
Three equations in three unknowns a r e  shorn, 

rn 
P2@e , 

enter  in converting peak voltage t o  m s  voltage, 1 he equations r e su l t i ng  from 

FXPERIME%TAL RESULTS AND DISCUSSION 

A t yp ica l  s e t  of data  which has been analyzed by t h i s  method is shown in 

(1) power output of t h e  refo source held constant, and ( 2 )  co i l -  
t he  next s l i d e  (III), 
conditions: 
voltage held constant. 
‘hence the  induced azimuthal vacuum e l e c t r i c  f i e l d  under t h e  c o i l ,  i s  constant, 
The curves ind ica te  t h a t  power absorption i s  grea te r  i n  regions of f i e l d s  
s l i g h t l y  less than t h e  atomic and molecular hydrogen-Eon resonant-field values 
b d i c a t e d ,  
even lower f i e l d s ,  

Generally, data  have been obtained f 0 ~  two operating 

This l a t t e r  condition implies t h a t  c o i l  current,  and 

Other data  obtained with la rger  rofo power ind ica te  a shift t o  

Values f o r  t h e  capacitance C were calcuLated using t h e  equaticns, The 
was about 27 micromicrofarads and eonstant within the  
At higher power there  I s  a de f in i t e  t rend away from t h i s  

average value of C 
experimental e r ro ro  
value, 
t~ t he  analysis,  

At the  present + , b e  we a r e  unabZe t o  show t h a t  such t rend i s  detrimental  

Typical values f o r  R and R i  a r e  shown i n  t h e  cext s l i d e  (IV), These 
curves also show two d e f i n i t e  peaks which must be re la ted  t o  t h e  atomic and 
molecular resonances, 
f o r  R and R 1  would occur a t  d i f f e ren t  magnetic fields and t h a t  t h e  peak 
f o r  
s l i g h t l y  grea te r  f i e l d s  than  t h i s  If ion cyc ls tmn waves were being generated, 
Such f ac t s  would ind ica te  the  presence of a t  Peast two separate and d is t inc t  
phenomena, one of which would be “,e resonance associated w i t h  azimuthal 
hea tmg of ions or generation of ion  cyclotron waves, 
such t rends a r e  present a t  the l ~ r w  f i e l d s ,  
s h i f t  of t h e  peaks and Ib 
point,  
show t h e  expected t rends mare strongly, 

next two s l i d e s  (V and VI> and differences are noted depending on whether 
constant-power da ta  o r  constant-voltage data are considered, 
shows constant-power data, 
transfer near  t he  two resonant points, whereas the  e l e c t r o s t a t i c  mode shows 
more o r  less a mirror h a g e  by decreasing at these p o h t s ,  

Originally i t  w 8 s  hoped t h a t  t h e  psaks and/or val leys  

R would occur exactily a t  the  atomic and molecular Fesonant f i e l d s  o r  a t  

It i s  not  apparent t h a t  
A 5  high f i e lds  the re  i s  a d e f i n i t e  

does peak c lose  %L.O %he molecular resonant-field 
This i s  encouraging acd it, is hoped t h a t  more de ta i led  analysis  will 

The d i s t r ibu t ion  of roPo power among %3 Rc;, and Rp are shown in t h e  

The induction mode (power i n  R p )  shows peak power 

The power l o s s  in 

This s l i d e  (V) 
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Re 
The power in t h e  two modes i s  divided i n t o  about equal mounts except a t  t h e  
peaks %:here more p x e r  gcss*fr;t,c. t he  b d ~ c t f m  m d e e  

is  r e l a t i v e l y  constant and amounts t o  about 11 percent of t h e  t o t a l  powero 

Power divides somewhat differen%ly f o r  t h e  constant-voltage da ta  as 
shown i n  the  next s l i d e  ( V I ) ,  Pn t h i s  ease both t h e  induction and e l e c t m -  
s t a t i c  modes exhibi t  peaks, brut t he re  is a marked s h i f t  toward lower f i e l d s  
f o r  t he  e l e c t r o s t a t i c  mode, 
a t  t he  lower f i e l d s  than goes in by the  induction mode, 
induction mode is  s t i l l  grea te r  a t  t he  la rger  f i e lds ,  

A ~ s o ,  more power goes i n t o  t h e  plasma by t h i s  mode 
The power in the  

The only in t e rna l  plasma measurement avai lable  t o  us which might be correl-  
a ted with these da ta  i s  t h e  microwave i n t e r f e r m e t e r  measurement of e lectron 
dens i ty  as shown on t h e  'fast s l i d e  (VSI), '?%is curve i s  t y p i c a l  of ei%her t h e  
constant-power o r  constant-voltage data, The electron-density l e v e l  i s  of t he  
s rde r  of 101% electrons per cubic centimeter, #It can be seen t h a t  shere i s  a 
general increase i n  deqsity as t h e  mhgnetic f i e l d  i s  hkreased ,  b u t t h e r e  i s  
a decrease i n  densi ty  Jus t  below the  atomic and molecular resonant points. 
These decreases cor re la te  only wtth the  induetion made s ince it, w i l l  be remem- 
bered,*tRat t he  trends in the  e lec tPos ta t ic  mode were d i f f e ren t  f o r  t h e  constant- 
power 8nd constant-voltage puns, Hence, it e m  only be concluded tha t  when 
power is  absorbed by ions f m m  the  azimuthal f i e l d  less  power i s  avai lable  f o r  
t he  ionizat ion process since fens aye not  an e f f i c i e n t  way t o  ionize a gas, 

STMAMY AND CONCLUDING REMARKS 

An over-simplified e l e c t r i e a i  model of an. induction coil heating a plasma 
in a magnetic f i e 3  has been dewloped f m m  the  geometric ckaraeter  of t h e  
apparatus. The model shows t h a t  t he  plasma adds 8 u' lmsynu capaci tor  in p a r a l l e l  
with t h e  coil, Considerable power is absorbed by t h i s  capaci tor  and may be 
reepcnsible ~ C P  t h e  observed s h i f t s  i n  rescnances away from t h e  theo re t i ca l  
resonant, valueso 
desemfned and are  shown t3 wapy with magnetic f i e l d ,  
densi ty  near  t he  resonant p o h t s  appears t o  bs  re la ted  to t he  induction mode 
mly,  
means cf more logical%y descylbing the  conditions which e x i s t  under t h e  c o i l  
and can pQssiblj- clay-ify sane ammalies nc.ted 'in plasma experfments, 

The pow&s i n  t h e  inductlan and e l e c t r o s t a t i c  modes have been 
A decrease in electron 

1% is believed tha t  t he  t ype  of analysis described herein offers a 



.i 

.̂ I 



.. . .. 
-_ . . . . . 

. . 
~~ " . -- . 









I .  




